Background: Expansion of brain tissue and development of advanced cognitive skills are characteristic traits of human evolution. Their emergence has been causally linked to the intake of nutrients that promote brain development and iodine is considered a critical resource. Rich sources of iodine exist in coastal areas and evolutionary scenarios associate the progressive development of brain size and cognitive skills to such landscapes. This raises the question of how early hominins living in continental areas could have met their iodine requirements. One way to explore this question is to use information from hominoid primates as a proxy for the nutritional ecology of early hominins. Bonobos are particularly interesting in this context as they are restricted to the central part of the Congo basin, an area considered to be iodine deficient based on human standards. Methods: Pooled samples of fruit, terrestrial and aquatic herbs were used to assess mineral content with an inductively coupled plasma optical emission spectrometer. Iodine content was measured with the catalytic technique of Sandell-Kolthoff and two separate inductively coupled plasma mass spectrometry methods. Results: Nutritional analyses revealed that the mineral content of aquatic herbs is higher than in other plant foods. Moreover, two species of aquatic herbs consumed by bonobos contain iodine concentrations that are almost equivalent to marine algae. Conclusions: These data challenge the general notion that the Congo basin is iodine deficient and demonstrate that its lowland forest offers natural sources of iodine in concentrations high enough to prevent iodine deficiency in hominoids and humans.
Background
Among the key traits that are associated with human evolution are the progressive expansion of brain tissue and the development of advanced communicative and cognitive skills. The emergence of these traits has been causally linked to the intake of nutrients that promote brain development, as well as to those that protect hominids from shortages in energy supply [1, 2] . The progressive encephalization reflects the synergistic effects of a number of nutritional parameters, including a diet that contains essential elements for brain growth such as long-chained polyunsaturated fatty acids, arachidonic acid, eicosapentaenoic acid, and specific trace elements [3] [4] [5] . Amongst the latter, iodine is considered critical for development, health, and reproduction in modern humans and early hominids [6, 7] . Given that adequate iodine intake promotes brain development and other developmental traits by ensuring appropriate thyroid hormone production and availability, it is reasonable to assume that enhanced intake of iodine was a prerequisite for the functional expansion of brain tissue, its structural differentiation, and the related social and cognitive skills. The sensitivity to iodine deficiency shown by modern humans raises the question of how and from where did early hominins obtain iodine to satisfy their needs and prevent deleterious symptoms of iodine deficiency.
One premise in most models of human evolution is a change in diet, namely a shift from a plant-based to a more omnivorous diet consisting of both plants and larger fauna [8] , and in addition a shift from arboreal plant foods (C3) to terrestrial plants of open habitats (C4) [9] . Adopting the notion that the procurement of "brain-selective nutrients" [7] was primed by the consumption of foods that do not require the advanced cognitive skills of contemporary hunter-gatherers, information from hominoid primates and their diets may shed light on the way that prehistoric hominins may have improved their iodine intake. Great ape species (Hominidae) are characterized by a relatively large brain that undergoes complex structural development during pre-and postnatal ontogeny [10, 11] . They experience a long phase of physical and social dependency during which they develop advanced social and cognitive skills [12, 13] . While all ape species are omnivorous to some extent, the diet of bonobos (Pan paniscus) and chimpanzees (P. troglodytes) shows some remarkable similarities to that of humans (Homo sapiens): Both species feed on leaves, herbs, and a variety of energy rich plant foods such as fruit pulp and seeds [14] . Some populations dig for roots and other underground organs [15] , extract honey from tree holes and burrows [16, 17] , feed on insects [18, 19] , and consume meat of other vertebrates [20, 21] . Although some populations engage in crop raiding, the overall impact of cultivated plant foods can be considered negligible, which means that natural food items are sufficient for meeting nutritional requirements. More specifically, the natural diet of bonobos and chimpanzees contains sufficient amounts of iodine to support normative patterns of growth, social and cognitive development, and reproduction. Many populations of bonobos and chimpanzees inhabit areas considered to be iodine deficient based on human standards but it is reasonable to assume that sources of environmental iodine used by apes are sufficient to prevent the detrimental effects of iodine deficiencies that affect human populations living in the same environment. However, one caveat of this statement is the lack of information about the requirement of dietary iodine by any of the great ape species. Another caveat concerns the lack of information about the iodine content in the natural diet of hominoid primates.
This study reports on iodine concentrations of plant foods consumed by wild bonobos, a hominoid species endemic to the central Congo basin. Answering questions regarding how wild living hominoid primates obtain iodine from natural food sources is crucial for a better understanding of (I) the nutritional constraints that tropical forest environments exert on nonhuman primates, (II) the strategies of consumers to cope with this challenge, and (III) the related fitness consequences. Moreover, understanding how hominoid primates living in a continental forest environment meet their iodine intake is of general interest as it may explain how prehistoric hominins obtained iodine in concentrations that were not only sufficient in terms of lowest basic requirements but also for the neural and cognitive developments that are thought to be contingent on increasing amounts of dietary iodine. Table 1 shows the results of mineral analyses of various plant foods including ripe fruit (N = 7), leaves of ligneous plants (N = 1) and terrestrial (N = 1) and aquatic herbs (N = 2). Overall, mineral content was higher in herbs compared to fruit, and out of the eight minerals analyzed, aquatic herbs had the highest values in six of them. The maximum value for Zinc (Zn) was found in the sample of a woody vine and that for Natrium (Na) in the leaves of Dialium spp. trees. Likewise, the two aquatic herbs contained the highest amounts of iodine. Comparing measures of iodine content obtained using different analytical techniques by three independent labs shows high correspondence of iodine content (Table 1) .
Results

Mineral content
Feeding behavior and ranging
LuiKotale bonobos feed on plant foods such as fruit from ligneous plants and terrestrial and aquatic herbs. Fruit eating accounts for > 60% of feeding time and is largely an arboreal activity. Fruit availability fluctuates in terms of number as well as species of fruiting trees/vines and food patches are often widely dispersed. Terrestrial herbs, also known as terrestrial herbaceous vegetation (THV sensu [22] ), are available year-round, are consumed daily, and are relatively evenly distributed across the forest. Availability of aquatic herbs is limited to one Bai in the South of the range of one community, and to riverine ponds of a larger river that forms the northern border of the ranges of both communities. Records from one community covering 2 years show that bonobos consumed aquatic herbs once every 2 weeks on average (36 times in 517 observation days, spread over 13 months). Foraging visits to the swamps lasted in total 96 h, which is 1.5% of total observation time and 3% of the total feeding time. During swamp visits, all adult individuals and many older infants and juveniles ingested aquatic herbs. Among all of the aquatic herbs available in the swamps, bonobos focus on the two species analyzed in this study. One of them, the white water lily (Nymphaea lotus), is harvested in large quantities, and bonobos mainly ingest those parts of the plant that grow under water, while discarding flowers and leaves (Fig. 1) . When feeding on the second species Juncus spp, bonobos ingest relatively small quantities, selecting the soft pith of the leaf base.
Discussion
According to the World Health Organization (WHO) the continental part of the Congo basin is considered to be a region where natural sources of iodine are scarce (WHO Global data base [23] ). This classification is based on survey data from human populations that showed a high prevalence of iodine deficiency symptoms and low values of urinary iodine excretion [24] . Introduction of iodized salt has improved the iodine status and reduced the appearance of iodine deficient symptoms amongst village populations [25] . This raises the challenging question of how ancestral human populations were able to meet their iodine requirements in this environment. Unlike many other human populations of the Congo basin, Efe pygmies show a low prevalence of iodine deficiency symptoms [26] , and it has been suggested that indigenous populations of the Central African forest may have acquired genomic adaptations including growth and height-restraints to low ambient levels of iodine [27] . Alternatively, ancestral human populations may have either relied on iodine obtained from other regions or may have notoriously suffered from iodine deficient symptoms. The results of our study show that the Congo basin is not devoid of natural sources of iodine per se. Instead, some species of aquatic herbs contain iodine concentrations that are almost equivalent to those of marine algae (see Table 1 in Teas et al. [28] ). However, the accessibility of iodine to consumers is limited and varies with ambient levels, diet composition, and interactions among different nutrients [29] . Without corresponding information on the iodine status of wild bonobos it is difficult to tell how much iodine is actually obtained from ingestion of aquatic herbs. Yet, given the high concentration of iodine in aquatic herbs, consumers are likely to obtain substantial amounts of iodine even if accessibility of this plantderived iodine source is rather low.
Another point that must be considered is that we do not know to what extent the iodine concentrations measured in aquatic herbs at the field site of LuiKotale are representative of the entire Congo basin. Yet, our data challenge the general notion that the Congo basin is iodine depleted and demonstrate that the lowland forest offers natural sources of iodine in concentrations high enough to prevent iodine deficiency in humans. Given that these sources are exploited by contemporary Previous studies suggested that the consumption of rare plant foods by hominoid primates may reflect the need for micronutrients that are absent or rare in the plant-based diet of forest dwellers ( [30] and references therein), but these studies do not consider iodine content as a driving force. However, taking an evolutionary perspective, it is reasonable to assume that iodine intake may have triggered the emergence of traits that differentiate hominoids from other primates. Experimental work has shown that primates respond to insufficient amounts of dietary iodine with symptoms that are similar to those of modern humans [31] . Even males of red deer living in iodine deficient areas suffer from reduced stag development, which is likely to reduce their fitness [32] . In contrast, wild rodents living under extreme iodine deficient conditions do not differ in their iodine status from populations that have sufficient access to iodine [33] . In this context, data from modern humans that indicate adaptations to low ambient levels of iodine raise the interesting question of to what extent are hominoid primates able to adapt to environmental variation in iodine supply.
One effect of low levels of iodine supply is reduced synthesis of thyroxine (T4), which coincides with a compensatory increase in triiodthyronin or T3 [7, 34, 35] . Different transporter systems facilitate the transfer of the iodothyronines T4 and T3 to target tissues. In case of low T4 availability, those cellular structures of the human brain will incur diminished thyroid hormone signaling that depends more strongly on local deiodinasedependent T3 generation and thus on a favorable cellular uptake of T4. Here, neurons with particularly pronounced astrocyte interactions appear to be most negatively affected [36] . Whether an improved supply of T4 versus T3 may have been an advantage regarding developmental neuron differentiation of hominins requires further research.
The results of the nutritional analyses presented above show that aquatic herbs can contain high concentrations of iodine and that bonobos consume such herbs with low frequency but regularly. Based on the results of this study, we can now address more specific questions about the iodine status of wild bonobos, such as the relationship between intake of iodine-rich herbs and urinary iodine measures, the impact of female reproductive status on iodine intake, and the effect of iodine rich plant intake by immatures on physical development. Consumption of aquatic herbs has been reported in other ape species [30] , offering scope for cross-species comparisons of iodine content across the Congo basin and other landscapes inhabited by hominoids.
Major advances in the evolution of hominins are associated with brain supportive nutrients and iodine intake is thought to have set the benchmark for speciation, including the differentiation that accompanied the emergence of our own species [37] . Rich sources of iodine exist in coastal areas, wetlands, and areas of volcanic activity. Accordingly, evolutionary scenarios tend to associate the progressive development of brain size and cognitive skills to such areas. Accepting the notion that coastal areas offered a diet that triggered encephalization in hominins, the results of our study suggest that this need for dietary iodine would not have prevented ancestral hominins to invade continental forest habitats. Instead, consumption of aquatic herbs could have contributed to satisfying the iodine requirements of hominin populations that were primed by diets prevalent in coastal environments. However, results from diet examinations in contemporary humans show that high intake of animal protein goes along with high iodine ingestion even after taking into account dietary consumption and potentially iodized salt intake [38] . Thus, the combination of iodine-enriched aquatic herbs and increased animal protein intake may have set the stage for the progressive functional expansion of the human brain.
Apart from the relevance of aquatic herbs in the diet of contemporary hominoids and its putative function for prehistoric humans, the results of our study raise questions concerning the use of aquatic plants by contemporary human populations and the pathways of iodine in the larger environment of the Congo basin.
Conclusions
The continental part of the Congo basin is considered as a region where natural sources of iodine are thought to be scarce and where humans depend on supplementation of iodine. The area is also inhabited by hominoid primate species, and the lack of evidence for iodine deficiency symptoms in these species indicates that the natural diet provides sufficient amounts of iodine. The results of our study show that the Congo basin is not devoid of natural sources of iodine per se, that some species of aquatic herbs contain iodine concentrations that are almost equivalent to those of marine algae, and that bonobos (and perhaps other hominoid species) consume such iodine-containing herbs. Evolutionary scenarios align major developments of human evolution with environmental conditions of coastal areas offering a diet that triggered encephalization in hominins. The results of our study suggest that this need for dietary iodine would not have prevented ancestral hominins from invading continental forest habitats and that consumption of aquatic herbs could have contributed to satisfying the iodine requirements of hominin populations that were primed by diets prevalent in coastal environments.
Methods
Study site and subjects
Behavioral observations were collected from two habituated communities of wild bonobos occupying overlapping ranges in the LuiKotale forest at the western border of Salonga National Park, block south, Democratic Republic of the Congo [39] . For information on the size and demography of the two communities and ranging patterns see Fruth and Hohmann [40] . Both groups are habituated to the presence of human observers and are followed by teams of researchers and local assistants on a daily base. Studies on the nutritional ecology of the LuiKotale forest, and on the nutritional quality of plant foods started in 2002 and are ongoing. Systematic data on habitat use and feeding behavior have been collected since 2006 from the West community and since 2011 from the East community [40] .
Nutritional analyses
Measures of iodine content are part of an ongoing study of assessing mineral content in bonobo plant foods by the lab of the Leibniz Institute for Zoo and Wildlife Research in Berlin. To obtain dry matter of plant samples in amounts that were sufficient for nutritional analyses, we collected fresh plant material from multiple sources (e.g. ripe fruit from the several trees and herbs from different locations) and pooled these samples after lyophilisation. Thus, the information on mineral content refers to measures of pooled samples of the same plant species and not to individual plants. Mineral content was assessed using an inductively coupled plasma optical emission spectrometer (model Optima 8000, Perkin Elmer, Rodgau, Germany) after microwave digestion (MLS 'START 1500' MLS GmbH, Leutkirch, Germany). Iodine content was measured with the catalytic technique of Sandell-Kolthoff [41] modified by Groppel [42] and Küblbeck [43] . Measurements of material from the same pooled sample were done in duplicate or triplicate. Iodine content was measured in plant food species that are representative of the diet of wild bonobos including fruit and leaves from woody plants, as well as terrestrial and aquatic herbs. Because measures of iodine are particularly sensitive to analytic methods, iodine content was also analyzed with two separate inductively coupled plasma mass spectrometry (ICP-MS) methods, one by the Institute for Düngemittel und Saatgut in Hameln with a prior alkaline extraction method employing tetramethylammonium hydroxide and the other by the Thüringer Landesanstalt für Landwirtschaft with prior ion chromatography [44] . 
